I. INTRODUCTION
K NOWLEDGE about the scattering of sound from the seafloor is important for two reasons. The first reason is concerned with the limitations imposed on the performance of a sonar system due to the bottom backscattering. The second reason concerns the fact that the scattering can provide a means for remotely measuring the properties of the seafloor, and thus can be used by a bottom classification tool. This paper deals with scattering measurements at grazing angles of approximately 25 -35 and at a frequency of 100 kHz, taken for a wide variety of sediment types. The area for which the data were collected is in the North Sea and is well documented from a geological point of view. Additionally, a large number of bottom grabs was taken during the experiments.
Marine geologists classify sediments in terms of their mud, sand, and gravel content, resulting in bottom identifiers such as "sandy mud" (sM) and "slightly gravelly sand" (g)S, i.e., the so-called Folk class [1] . Geographical maps providing this type of information are widely available from geological institutes. It would be useful if the bottom backscattering strength (SB) could be related to this relatively simple bottom information, e.g., for sonar performance modeling. In contrast, models for bottom backscattering make use of an extensive set of geoacoustic and geotechnical input parameters (see [2] - [5] ). These parameters, comprising among others sediment sound speed, density, and interface roughness parameters, are, however, hardly available under operational conditions.
In this paper, the measured backscattering strength is correlated with measured bottom properties, such as gravel and shell percentages, grain-size distribution, and Folk class, i.e., we provide a quantitative analysis of the correlation of the backscattering strength with measured geotechnical parameters.
From recent work on correlating high-frequency bottom scattering with measured geotechnical properties of the seafloor, we mention the papers by Stanic et al. [6] - [8] . In these papers, backscattering measurements are reported for the frequency range of 20-180 kHz and for grazing angles of 5 -30 . A single sediment type is considered in each: coarse sand in [8] , fine sand in [6] , and a sediment characterized by a 2-cm layer of coarse shell overlying medium sand in [7] . In [3] , bottom backscattering measurements are reported for three bottom types, viz., a fine sand, a silt, and a silt-clay bottom. The frequency range is 15-45 kHz. The strength of our work lies in the wide variety of bottom types considered, i.e., from really soft sediments (no gravel, mean grain size 63 m) to coarse sand sediments (mean grain size 1 mm) with a large gravel and/or shell content. In [9] and [10] , seafloor scattering strength measurements are presented as obtained by a 95-kHz multibeam echo sounder (MBES). We compare our backscattering data to the data of Stanic et al. [6] - [8] , Goff et al. [9] , Hughes-Clarke et al. [10] , and others. This paper is organized as follows. In Section II, we present an overview of the experiments carried out. Also, the acoustic equipment used is briefly described here. Further, this section provides a description of the bottom-grab equipment, the results of the bottom-grab analysis, and the oceanographic conditions. For retrieving the backscattering strength from the data, a simple model for the received sonar signal was used. This model and the method of deriving the backscattering strength are described in Section III. The results are given in Section IV. In Section V, the derived backscattering strength values are compared to those reported in literature. In this section, also the correlation of the obtained backscattering data with the geotechnical bottom-grab data is investigated. From a least squares curve-fitting analysis, a practical empirical equation for the backscattering strength as a function of the geotechnical parameters is derived. Its practical predictive capability is tested using Goff's data [9] as an independent data set.
II. NORTH SEA EXPERIMENTS

A. Trial Area and Logistics
Two experiments were conducted in the North Sea, the first in October 2000 and the second in May 2001. Fig. 1 presents the geology of the surface sediments of part of the North Sea [11] . The information contained in this geological map is explained in Section II-C in more detail. The selected area (size The track sailed in October 2000 is depicted in the inset of Fig. 1 and consists of ten parallel horizontal legs. The numbering of the legs is indicated in this figure. The track was sailed twice, once for collecting acoustic data and once for taking bottom grabs. The bottom-grab positions are also indicated in this figure. The acoustic data turned out to be corrupt and the collection of the acoustic data was repeated in May 2001, where, due to limited measurement time, only legs 1, 3, 5, 7, and 9 could be sailed.
B. Acoustic Equipment
The acoustic data were acquired with a forward-looking sonar operating at a frequency of 100 kHz. It was put at a tilt angle of 30 , measured from the horizontal. The beam pattern of the transmitter is such that it has a full width at half maximum (FWHM) of 11 in the vertical plane, whereas it is omnidirectional in the horizontal. The received signal is beamformed (20 beams) in the horizontal. The horizontal FWHM is 1.5 .
The analog outputs for a few beams of the (horizontal) beamformer are fed into a dedicated data acquisition system. The signals are amplified and subsequently digitized at a sampling rate of 300 kHz. The data acquisition is triggered with the sonar pulse transmission. The acoustic data are stored together with the corresponding time and position as measured with a differential global positioning system (DGPS). Only results for the most forward-looking beam are presented in this paper.
The received acoustic signals are expressed in Pascal units. For this, the electronic gain up to beamforming and the beamformer gain were determined through careful laboratory measurements. The hydrophone sensitivity was taken from the sonar manual as stated by the manufacturer, viz., 195.3 1 dB re 1 V/ Pa. This also holds for the source level, its value being specified as 214.7 dB re 1 Pa @ 1 m. Uncertainties in the backscatter strength measurements as presented in this paper are primarily due to uncertainties in the source level and the sensitivities of the receiving elements, respectively. Fig. 2 shows the ensonified area (footprint) of the sonar at 30 tilt, together with its dimensions for a water depth of 50 m.
The normal incidence reflected energy was also present in all received signals, although the sidelobe level at normal incidence of the vertical beam pattern of the sonar is low. An example of the received signal is given in Fig. 3 . The early part of each received signal consists of a sharp peak due to specular reflection at normal incidence, followed by a broader signal due to the backscattering at angles around 30 . The specular reflection is not used. 
C. Bottom Grabs
The geological map for the area of the experiment originated from 1987 and, therefore, 50 bottom grabs were taken in the trial area for obtaining up-to-date information of the surface sediment of the sea bottom. Five grabs per leg were taken at roughly 2-nmi separation. Use was made of the so-called "Hamon grab" and a "Van Veen grab." For both devices, the sampling depth in the sea bottom amounts to approximately 20 cm, i.e., large compared to the acoustic wavelength of 1.5 cm in water at 100 kHz. Also, the sampling depth is sufficiently large compared to the acoustic penetration depth at 100 kHz. See [12] for further details about the characteristics of the grab equipment.
The laboratory analysis of the bottom samples comprised the following steps. First, the samples were dried. Next, the samples were sieved with a mesh of 2 mm, thereby separating the gravel and shells from the sand and mud. Both the gravel and shell weight percentage were subsequently determined and are presented in Figs. 4 and 5, respectively.
The sediment classification according to Folk [1] was assigned to each bottom grab (see Fig. 6 ). The Folk class is based on the relative amount of gravel, sand, and mud (mud being silt or clay). The distinction between mud and sand is made on the basis of the grain size (diameter). All grains smaller than 62.5 m are assigned to the mud content of the bottom grab, i.e., no distinction is made between silt and clay, where clay particles have a diameter smaller than 4 m [13] . The resulting Folk class for each bottom grab is given in Fig. 7 . The overall impression is that the spatial distribution of the mud, sand, and gravel areas given in the map of Fig. 1 is the same as that of the derived Folk classes of the grabs. However, note that for nearly half of the bottom grabs the derived grab Folk class deviates from those given in the map of Fig. 1 by at least one section in the Folk triangle (Fig. 6 ). This can be due to the interpolation used for the map, differences in sampling sites, differences in ground-truthing methodology, and to actual seabed changes. The differences illustrate the importance of collecting up-to-date ground-truthing information.
The precise grain-size distribution of the sediment samples (after the gravel was removed) was determined by optical microscopy. The median values of the grain-size distributions are given in Fig. 8 . This parameter is defined such that 50% of the grains, by weight, are smaller than (and 50% are larger). Other useful descriptors of the grain-size distribution are the tenth and ninetieth percentiles and . The value of is thus a measure of the width of the grain-size distribution. Values for , and , together with the Folk class, gravel, and shell percentage are given in Table I . 
D. Oceanographic Conditions
The oceanographic conditions during the May 2001 trial are described in the following. In particular, numerical values for the sound speed and the absorption coefficient of the water column, needed to derive the backscatter strength (see Section III), are determined.
1) Sound-Speed Profile: Sound-speed profiles were measured immediately before and after sailing the horizontal legs using a sound velocimeter. The sound-speed value, denoted , decreases from a maximum of 1482 m/s at the surface to 1478.5 m/s at a depth of 40 m.
2) Absorption Profile: The absorption coefficient is a function of temperature, salinity, and depth [14] . Although direct at the sea surface to 34.8 ppt at a depth of 50 m. The climatological temperature profile decreases from 8.9 C at the surface to 7.6 C at 50 m.
In principle, these WOA94 profiles can be used to estimate an absorption profile, but such a calculation could be unreliable because of annual and daily fluctuations in the temperature profile. We derive an improved estimate of the temperature profile from the measured sound speed by inverting Leroy's "simplified" sound-speed formula [16, first line of Table IV] . In other words, the temperature (in Celsius degrees) as a function of depth from the sea surface (in meters) is estimated from the WOA94 salinity profile (in parts per thousand) and measured sound-speed profile (in meters per seconds) using (1), shown at the bottom of the page.
The temperature profile thus calculated is then combined with to obtain an absorption profile, which we estimate using [14] . The resulting absorption profile varies from 31.9 dB/km (3.7 Np/km) at the sea surface to 30.6 dB/km (3.5 Np/km) at 40-m depth.
3) Wind Conditions: The wind speed varied during the course of the experiment between forces 3 and 4 on the Beaufort scale.
III. MODELING THE BACKSCATTERED SONAR SIGNALS
An example of the received signals is given in Section II (see Fig. 3 ). As mentioned in that section, the early part of each received signal consists of a sharp peak due to normal incidence reflection followed by a broader signal due to the backscattering at angles around 30 . This section describes the method of retrieving the backscattering strength from the received signal.
Use is made of a simple model for the received acoustic signal. The assumptions as given in [17] are assumed to be valid. These comprise, among other things, straight line propagation paths and a homogeneous distribution of scatterers throughout the area producing the scattering at any one instant in time.
Additionally, the effect of bottom slope and ship attitude is not accounted for. Here, the slope is taken as the angle of large scale features. Significant slopes ( 3 ) occur at the edges of the mud area (see Fig. 1 ). However, at the core positions, slopes are very small (fraction of a degree). The effect of ship attitude is assumed to be cancelled out by considering mean values of the backscattering values as determined by the analysis presented in the following (Section V).
We consider the sound path launched at the source with vertical angle (see Fig. 9 ). The corresponding intensity received (1) at the sonar due to direct backscattering at incidence angle from the bottom is approximated by The and are given by and , respectively, whereas is given by .
, and are the water depth, the sonar depth, and the duration of the transmitted sonar pulse, respectively. equals 3.5 m and equals 0.5 ms. is the average sound speed in the water. The mean values used for and (see Section II) are 1480 m/s and 3.6 Np/km, respectively.
Assuming the sound originating from a continuous vertical line , the vertical beam pattern of the transducer is (3) with being the vertical dimension of the transducer elements ( 8 cm), being the acoustic wavelength, and 60 (see Fig. 9 ). In the following, the 3-dB vertical beamwidth is denoted (being 11 ). Scattering strengths exhibit a systematic variation with grazing angle that is uniquely determined by the geometry of the problem and encapsulated by Lambert's rule, i.e., SB
for the backscatter strength SB where , the Lambert parameter, is in decibels. Theoretical models of the scattering strength using perturbation theory have been found to achieve good agreement with measurements, e.g., [3] . Such models show that rough surface scattering dominates up to the critical angle and volume scattering dominates at steeper angles. It may be possible to improve on a conversion based on Lambert's rule by using a theoretical model, especially if a transition across the critical angle is involved. However, to do so requires detailed knowledge of the sediment geoacoustic parameters that is not generally available (such as the roughness spectrum of the water-sediment boundary, or the volume scattering strength of the sediment). Furthermore, Lambert's rule permits a surprisingly good fit in many cases; see [6] and [3] .
The root-mean-square (rms) pressure as a function of can now be written as (5) with being the density of the water. The rms pressure as a function of time can be determined by using (6) Equations (5) and (6) determine the shape of the received signal as a function of time, whereas the amplitude of the signal scales as . Lambert's parameter is retrieved from the backscattered data by minimization of the following function with respect to : (7) i.e., the usual quadratic measure for the deviation between the measured received rms pressure signal and the calculated signal. and are the envelope of the measured and modeled pressure samples in the time domain, respectively.
The simplest form of 1-D minimization without calculation of the derivative, i.e., the "golden section search," is used [18] . Basically, this efficient and robust method was designed to handle the worst case situation of 1-D function minimization. The method is alternated with parabolic interpolation [18] . The practical implementation of the minimization algorithm used is taken from MATLAB, which is described in [19] . The algorithm is capable of finding the optimum value within 5-10 iterations for a tolerance of 0.5 dB set on . The search range for is [ 25 dB, 0 dB].
In principle, this search is not needed as can directly be obtained from the total acoustic energy contained in the backscattered signal. One advantage of our method, however, is that for each received sonar signal a comparison is made with the simple model given by (5); see Fig. 3 . Note that this model is, among other things, based on the assumption that the bottom type (or ) does not change within the sonar footprint. A comparison of the measured and modeled received signal for each sonar ping can be regarded as a continuous test of this assumption. Another advantage of our method is that the derived is less sensitive to contaminating noise in the backscattered signal. When is derived directly from the total energy in the backscattered signal, a correction for noise is mandatory.
IV. RESULTS Fig. 10 shows the derived values as a function of longitude for the five horizontal legs sailed. It is observed that the derived parameter is a remarkably stable parameter. From a comparison of these results with the geological map of Fig. 1 , it can be concluded that for areas where bottom type is not changing, the error or statistical fluctuation in is of order 0.5 dB, i.e., equal to the tolerance set on in the optimization process. Changes of exceeding 0.5 dB must represent genuine changes in local scattering strength. The rapid changes in as observed for the middle part of leg 5 agree well with those observed in the geological map of Fig. 1 where gravel content changes rapidly with longitude. 
V. DISCUSSION
A. Comparison of Measured With Literature
In Fig. 11 , we compare the Folk class of the bottom grabs with the corresponding measured SB at 30 grazing angle. Here, SB at 30 is obtained using (4), i.e., SB . Here, is the mean of -values at positions around the core position, thereby eliminating fluctuations due to, e.g., ship roll and pitch. This result seems consistent with the expectation of an increasing SB when going from muddy to the more sandy and gravelly sediments [20] . However, from a closer look at this figure, we can perhaps only conclude that sediments without gravel (or shell) (sM, mS, and S) have a lower ( 11 dB) backscattering strength than sediments with gravel (gS, msG, and sG), i.e., SB 26 2 dB for sM, mS, and S and SB 15 2 dB for gS, msG, and sG.
Although useful, this analysis is too simple, as Folk class is a classification based on mud, sand, and gravel content only (see Section II). It does not account for other grab parameters, such as grain size and shell content. This will be taken up in Section V-B.
In Fig. 12 , we compare the measured SB at 30 with the grain size as derived from the corresponding North Sea grabs for sediments without gravel (practically, this means 1%). Also given in the figure are measurements that have been published in [6] , [8] , [21] , and [22] . Our data and the data from literature are in good agreement and they show that there is virtually no relation between scattering strength and grain size [6] . Boyle and Chotiros [23] suggest that the absence of a correlation between scattering strength and grain size is due to gas bubbles trapped in the sediment.
Also indicated in the figure are the model results given in [20] . The slightly increasing SB with increasing is driven by the roughness parameter "spectral strength" used as input to the model (spectral strength increases with increasing grain size). On the other hand, the numerical values of the Applied Physics Laboratory (APL, University of Washington, Seattle, WA) model [20] are in good agreement with our data. Again, the conclusion is that at 100 kHz, SB 26 2 dB for gravel-free sediments from mud (30 m) to coarse sand (700 m).
In addition, we have included in Fig. 12 the SB measurements of [9] and [10] measured by a 95-kHz MBES. For the data of [9] , we have included only those data points that contain less than 5% coarse material, where coarse material is defined by Goff as shell and gravel fragments with grain sizes larger than 4 mm. Use was made of Lambert's law to convert Goff's data from 45 to 30 . We estimate the error in applying Lambert's rule to convert from scattering strengths measured at 45 to 30 to be between 1 and 2 dB in magnitude and unbiased in sign. This estimate is based on measurements between 8 and 100 kHz [21] , [24] , [25] . Both MBES data sets confirm that there is hardly any correlation between scattering strength and grain size. In [9] , it is concluded, however, that there is a strong relationship between the occurrence of coarse material (gravel and shell) and SB, in accordance with our data. Both MBES data sets show somewhat lower SB values for the same range. In both [10] and [9] , the values found for SB are about 4-5 dB lower, i.e., SB 30 3 dB and 31 2 dB, respectively.
B. Correlating Measured With Geotechnical Bottom-Grab Parameters
For the data considered in this paper, the variables divide naturally in a group containing the geotechnical parameters and a group containing acoustic parameters , where this latter group consists of a single parameter, viz., . For the -variables, we select the median grain size , gravel percentage , and shell percentage . Note that is not simply made equal to , but is weighted by the mud and sand percentage to account for the fact that grain size was determined after the gravel and shell was removed from the bottom grab. Both the and data are presented in Table I .
We expect to be positively correlated with all -variables, which can be seen in the plots of against each -variable separately; see Fig. 13 . The corresponding linear correlation coefficients are (0.20, 0.87, 0.65). At this stage, we note that the calculated correlation coefficients are based on quite a limited number of data pairs (being 25). In such a situation, it is important to also report the statistical significance or confidence of each correlation coefficient [26] . For low correlation coefficient values, such as the 0.20 between and , the confidence is only 65%, i.e., there is a probability of 35% that the observed correlation can occur between two random (uncorrelated) data sequences of length 25. The confidence of the other two entries 0.87 and 0.65 is very high, being 100% and 99%, respectively. Usually, a minimum confidence of 95% is used to "define" the correlation to be genuine.
For quantifying the relation between , the estimated Lambert parameter, and the three geotechnical variables, we employ the least squares curve-fitting method. For this, we write (8) with being the coefficients describing the linear relationship between and . Defining matrix as the matrix containing in the first column all 25 measurements of , in the second column the measurements, in the third column the measurements, and 1's in the fourth column, we have (9) where column vectors and contain all 25 -measurements and the four coefficients , respectively, e.g., ( denoting the transpose). We assume the measurements to be uncorrelated with equal measurement errors, i.e., . Solving the system of (9) in the least squares sense, we then obtain the well-known solution (10) For , we find , resulting in the following empirical relation between and the three geotechnical variables: (11) where is in millimeters and and are in percent. Considering the correlations between the three geotechnical variables, we find for i.e., a statistically significant correlation between the shell and gravel percentage (probability of this occurring by chance is only 3%). According to [27] , such a strong correlation can result in less reliable coefficients . This indicates that care should be taken when drawing conclusions on the relative importance of these two parameters. Following [27] , for investigating whether indeed the shell percentage has a larger impact on backscattering strength compared to that of gravel percentage as indicated by (11), we have determined also using subsets of different size (15 and 20) of the 25 measurements. The coefficients thus determined confirm that indeed the shell percentage has a larger impact (by a factor of ten on the average) on backscattering strength than gravel percentage.
A plot of against measured (Table I) is given in Fig. 13 . Empirical equation (11) can, in principle, be used as a simple predictive model for the high-frequency scattering properties of the seabed of the North Sea. The least squares method also provides the error on as the covariance matrix (12) where the measurement error is calculated as with . We obtain 2.1 dB for . The errors on the coefficients are given as the square root of the diagonal elements of and are equal to (0.035, 0.021, 0.45, 0.9). Equation (11) , together with these errors, allows for an estimate of and its precision given a measurement of median grain size, gravel, and shell content at a certain position in the North Sea.
We will now apply (11) in a predictive sense. Fig. 14 shows the results of applying our empirical relation, as given by (11) , to the data of [9] . Due to lack of knowledge regarding the gravel content and the shell content , we have assumed all coarse material to consist of gravel, i.e.,
. As already mentioned, the SB values as measured by Goff et al. [9] are some 5 dB lower than the values measured in the North Sea experiment. We assume this deviation to stem from calibration errors (in one or both of the data sets) and have added a 5-dB offset to Goff's data to eliminate this deviation. For assessing the relative influence of the different terms of (11) separately, i.e., the and terms, a distinction is made between data points with a low percentage of coarse material ( 5%) and data points with a larger coarse percentage. In general, our empirical expression is found to predict values for SB that are in good agreement with the measured values for gravelly samples. For the nongravelly samples, there is a tendency to overestimate Goff's scattering strength measurements, especially for measured SB values less than 26 dB in Fig. 14. 
VI. SUMMARY AND CONCLUSION
High-frequency (100 kHz) acoustic backscattering experiments were carried out in the North Sea using a forward-looking sonar. The marine geology of the trial area is well known. In addition, a large number of bottom grabs were taken providing a large amount of geotechnical information of the surface sediments of the sea bottom. This information consists of mud, sand, gravel, and shell content as well as the grain-size distribution. Backscattering strength data is obtained from the received sonar signals at 25 -35 grazing angles at the bottom and for a wide variety of sediment types, ranging from sM to sG.
The backscattering strength is derived from a comparison of the calibrated received sonar signals with a simple geometrical model for the signal directly backscattered from the bottom. In this model, the backscattering strength as a function of grazing angle is assumed to follow a Lambert's rule. In fact, the Lambert parameter is derived for each received signal.
The obtained -values are positively correlated with the gravel and shell content of the corresponding bottom grabs. Also, a small but positive correlation is observed between and the median grain size of the remaining sand and mud. These observations fully agree with those presented in the literature. The obtained numerical values for the backscatter strength agree well with most of those found in the recent literature.
A useful practical relation between and the geotechnical data of the bottom grabs is obtained by the application of a multivariate correlation analysis between and gravel content, shell content, and median grain size. Shell appears to be, by weight, a stronger scatterer than gravel. The applicability of this practical relation was tested using an independent data set.
